The quality of indoor environment has received considerable attention owing to the declining outdoor human activities and the associated public health issues. The prolonged exposure of children in childcare facilities or the occupational exposure of adults to indoor environmental triggers can be a culprit of the pathophysiology of several commonly observed idiopathic syndromes. In this study, concentrations of potentially toxic plasticizers (phthalates as well as non-phthalates) were investigated in 28 dust samples collected from three different indoor environments across the USA. The mean concentrations of nonphthalate plasticizers [acetyl tri-n-butyl citrate (ATBC), di-(2-ethylhexyl) adipate (DEHA), and diisobutyl adipate (DIBA)] were found at 0.51e880 mg/g for the first time in indoor dust samples from childcare facilities, homes, and salons across the USA. The observed concentrations of these replacement non-phthalate plasticizer were as high as di-(2-ethylhexyl) phthalate, the most frequently detected phthalate plasticizer at highest concentration worldwide, in most of indoor dust samples. The estimated daily intakes of total phthalates (n ¼ 7) by children and toddlers through indoor dust in childcare facilities were 1.6 times higher than the non-phthalate plasticizers (n ¼ 3), whereas estimated daily intake of total non-phthalates for all age groups at homes were 1.9 times higher than the phthalate plasticizers. This study reveals, for the first time, a more elevated (~3 folds) occupational intake of phthalate and nonphthalate plasticizers through the indoor dust at salons (214 and 285 ng/kg-bw/day, respectively) than at homes in the USA.
Introduction
Phthalates, esters of phthalic acids, have been used as plasticizers in diverse applications including children's toys, food containers, personal care products, medical devices, electronics, PVC floorings, and building materials at a single percent to tens of percent levels (Ma et al., 2014) . Phthalates are semi-volatile organic compounds and do not chemically bound to the host polymer, therefore, are prone to leach from the plastic materials. The leached phthalates partition to the indoor air (log Koa ¼ 6.70e12.56) and indoor materials (log Koc ¼ 1.68e5.27) including indoor dust (Table 1) . A thin layer of dust on the impervious surface in indoor environment was found to accumulate several organic contaminants (Bi et al., 2015; Liu et al., 2003) . Therefore, indoor dust can be a sink and a repository for many indoor environmental contaminants including phthalates (Butte and Heinzow, 2002) .
The occurrence and fate of phthalates in the indoor environment depends on several factors including usage, leachability, the volume of indoor air, the exchange rate of air (Fromme et al., 2004) , moisture content (Hsu et al., 2017) , interior surface/material composition (Jeon et al., 2016) , and indoor temperature (Bi et al., 2015; Jeon et al., 2016) . For example, the absorbed phthalate concentration in cotton and polyester clothes was found~3 fold higher at 30 C than at 21 C in a test house in Austin, TX (Bi et al., 2015) . However, overall contamination profile of commonly observed phthalates in the environment varies across the world (Guo and Kannan, 2011; Kang et al., 2012) . DEHP is the most frequently detected (~100%) phthalate in indoor dust, and is reportedly the most dominant phthalate contaminant in indoor dust in USA, Germany, and China (Fromme et al., 2004; Guo and Kannan, 2011; Kanazawa et al., 2010; Kang et al., 2012; Ma et al., 2014; Rudel et al., 2003) . However, DBP (geometric mean concentration ¼ 7860 mg/g) was the major phthalate contaminant in indoor dust in Bulgaria (Kolarik et al., 2008) .
The contaminant in indoor dust including plasticizers can be an important marker of indoor exposure and public health (Ma et al., 2014; Mendell and Heath, 2005; Whitehead et al., 2011) . The acute or chronic exposure of dialkyl ortho-phthalates can cause several adverse effects on human health including irreversible changes in the reproductive system (Kay et al., 2013 (Kay et al., , 2014 and cognitive performance in school children (Hutter et al., 2013) . Exposure of plasticizers can be particularly critical for children due to the developmental juncture and a higher daily intake per unit body mass than adults due to children's higher hand-mouth activities. In addition, an elevated level (2 to >1000 folds) of occupational exposure to phthalate residues in various workplaces including PVC and rubber boot/hose manufacturers and nail salons implies the significances of continuous assessment of adverse effects of phthalates and its metabolite (Hines et al., 2009) The prominent environmental occurrence, significant exposure potential, and the toxicological evidence of dialkyl ortho-phthalates ensued the permanent banning of DEHP, DBP, and BBP (>0.1%) in children's toys and articles and an interim prohibition on DOP, DINP, and DIDP (>0.1%) in children's toys in the USA (CPSIA, 2008) . Therefore, select dialkyl ortho-phthalates are recently being replaced by two major classes of non-phthalate plasticizers -citrates such as ATBC and adiaptes such as DIBA and DEHA in controlled consumer products (USCPSC, 2010; Bernard et al., 2014) . ATBC and DEHA are among the U.S. EPA high production volume compounds (>1 M pounds produced or imported). ATBC has been primarily used in cosmetics, food contact wrappings, cables, and children's toys whereas adipates are used in building materials, vinyl floorings, carpet backing, wooden veneer, coated fabrics, and toys (EC, 2008; LCSP, 2011) . Although non-phthalate plasticizers are generally considered safe alternatives to phthalate plasticizers, only very few studies focused on evaluating leachability, and toxicological impact of non-phthalate plasticizers in the environment have been reported (Fromme et al., 2016) . DEHA and ATBC were previously measured at mg/g levels in PVC medical devices (Gimeno et al., 2014) . Recently, Fromme et al. (2016) found DEHA and ATBC in all indoor dust from 63 childcare centers in Germany at a mean concentration of 80 mg/g and 146 mg/g, respectively (Fromme et al., 2016) This was the only study to report non-phthalate plasticizers in indoor dust. In addition, there is no report of phthalate and nonphthalate contamination in indoor dust from salons in the USA (Cousins and Mackay, 2000) and the US Environmental Protection Agency's EPISuite™, respectively. despite their occurrence in air and airborne particulates (Tran and Kannan, 2015) This study represents the first report of non-phthalate plasticizers including DIBA, DEHA, and ATBC in indoor dust in the USA. In addition, this study also reports the phthalates for the first time in indoor dust from salons in the USA. Select plasticizer contaminants, including both legacy dialkyl ortho-phthalates (DMP, DEP, DIBP, DBP, BBP, DEHP, and DOP) and novel non-phthalates (DIBA, DEHA, and ATBC) were assessed in indoor dust samples from childcare facilities (n ¼ 11) in seven states, salons (n ¼ 5) in three states, and homes (n ¼ 11) in five states of the USA. In addition, the daily intakes of phthalate and non-phthalate plasticizers through the dust ingestion and dermal uptake (ng/kg-bw/day) for five different age groups were estimated.
Methods and materials

Chemicals
Standards including DMP, DEP, DIBP, DBP, BBP, DEHP, DOP, DIBA, dimethyl phthalate-3,4,5,6-d 4 , diethyl phthalate-3,4,5,6-d 4 , di-isobutyl phthalate-3,4,5,6-d 4 , di-n-butyl phthalate-d 4 , bis-(2-ethylhexyl) phthalate-d 4 , di-n-octyl phthalate-3,4,5,6-d 4 were purchased from AccuStandard Inc. (New Haven, CT). DEHA (99% purity) was purchased from ACROS Organics (New Jersey, USA) and ATBC (>97% purity) was purchased from TCI Tokyo Chemical Industries, Co Ltd. (Portland, OR). Hexane (HRGC grade), acetone (Optima; 99.7%), and methanol (HPLC grade, 99.9%) were purchased from Fisher Scientific (Waltham, MA).
Sample collection
Twelve indoor dust samples from eleven childcare facilities (four in Kentucky, two in Texas, one in Ohio, one in Indiana, one in South Dakota, one in Maryland, one in California), five indoor dust samples from salons (three in Kentucky, one in Indiana, and one in Texas), and eleven indoor dust samples from homes (four in Kentucky, two in Texas, one in Maryland, three in California, one in Massachusetts) were collected in September/October 2016. The average temperature in the month of September/October (late Summer/early Fall) in the USA can represent the annual average temperature. Samples from the vacuum cleaner were transferred directly into the aluminum foil, transported to the laboratory at Murray State University, sieved using 1.40 mm USA Standard Testing Sieve #4 (W.S. Tyler Inc. Ohio, USA), and stored at À20 C until further analysis.
Sample preparation
Approximately 0.1 g of indoor dust samples in glass centrifuge tubes were spiked with a mixture of internal standards (200 nge3 mg) and allowed to equilibrate at room temperature. Six milliliters of hexane: acetone (1:1 v/v) was added and vortexmixed for~20 s. The samples were extracted using ultrasonicator FS20D (Fisher Scientific, Waltham, MA) for 30 min and centrifuged using Centrific Model 228 (Fisher Scientific, Waltham, MA) at 3300 rpm for 5 min. The supernatant liquid was transferred to a clean glass centrifuge tube and the extraction was repeated. Both extracts were pooled for each sample, and was concentrated tõ 200 mL under a gentle flow of ultra-high purity nitrogen gas (purity 99.999%) using Reacti-Vap™ evaporator (Fisher Scientific, Waltham, MA). The concentrate was quantitatively transferred to a GC-vial and the final volume was adjusted to 1 mL. Two microliters of prepared sample were injected for GC-MS analysis.
Instrumental analysis
Select non-phthalate and phthalates plasticizers were analyzed using a gas chromatograph (Agilent Technologies 7890 A) interfaced with a mass spectrometer and triple-axis detector (Agilent Technologies 5975 C). The analytes were separated using a capillary column (Agilent Technologies HP-5MS, 30 m Â 0.25 mm; i.d. 0.25 mm) and ultra-high purity helium gas (purity 99.999%) as a mobile phase. The initial oven temperature was set at 75 C, ramped to 200 C at a rate of 30 C/min, ramped at 3 C/min to 250 C (held for 2.5 min), ramped at 40 C/min to 280 C (held for 5 min), and final ramped at 80 C/min to 300 C (held for 30 min). The mass source, quadrupole, and injector were held at a constant temperature of 230 C, 150 C, and 300 C, respectively. Target analytes were identified based on the retention time, the most abundant signature m/z ion (also used for quantitation), the second most abundant m/z ion (qualitative ion), and their ratio prior to the quantification using selective ion-monitoring (SIM) mode. The mass spectra and monitored m/z ions of non-phthalate plasticizers (DIBA, DEHA, and ATBC) have been provided (Fig. 1) .
The quantitation of phthalates was based on the isotope dilution method whereas the non-phthalate plasticizers and BBP were quantified using di-n-butyl phthalate-d 4 (due to the lack of labeled standards) as an internal standard. The calibrations curves were prepared by plotting concentration-dependent response factor of each target analyte (peak area of analyte divided by peak area of internal standard) versus the response-dependent concentration factor (concentrations of analyte divided by the concentration of internal standard). The regression coefficients (r 2 ) for five-to sevenpoint calibration standards calculated by linear regression were !0.99 for all target analytes.
Quality assurance and quality control
The limits of quantitation (LOQs) and limits of detection (LODs) were determined as a minimum concentration of analytes that provide a signal to noise ratio !10 and ! 3, respectively. LOQs for target analytes ranged from 0.460 to 926 ng/mL whereas LODs ranged from 0.140 to 278 ng/mL. The continuing calibration verification (the fifth calibration level) standard injected after every ten samples showed recoveries at 100± 25%. A method blank was analyzed at the beginning and the end of every batch of samples. All the analytical data presented herein are blank corrected.
One sample was selected randomly for matrix spike and matrix spike duplicate analysis, spiked with target plasticizers and their corresponding internal standards at the fifth calibration level, and were passed through the entire analytical procedure. The average relative recoveries of DMP, DEP, DIBP, and DBP were range from 100± 26%, however; the recoveries of other analytes could not be calculated due to the higher level of analytes in corresponding matrix blanks.
Method validation
The entire method was validated with a triplicate spiking and recovery experiment in a randomly selected indoor dust sample. The solvent extraction efficiencies were also evaluated for two solvents combinations [hexane: acetone (1:1 v/v) and methanol: acetone (1:1 v/v)]. For each solvent combination,~0.1 g of indoor dust samples (n ¼ 3) were fortified with a mixture of analyte's standard solution (the fifth calibration level), processed through the entire method (as provided above), spiked with the internal standards, adjusted the final volume to 1 mL, and analyzed. Average recoveries and relative standard deviations (RSD) were range from 91.0 ± 5.7% (DMP) to 126 ± 2.3% (DEHP) with the hexane and acetone combination while 87.7 ± 21.9% (DMP) to 103 ± 20.6% (DBP) with the methanol and acetone combination. However, the spiking recoveries of BBP, DOC, ATBC, and DEHA could not be calculated due to the higher levels of analytes in matrix blanks. Methanol and acetone combination, in addition to the lower recoveries of select analytes, resulted in an elevated signal background (using full scan data acquisition mode) compared to the hexane and acetone combination. Therefore, the hexane and acetone (1:1 v/v) mixture was chosen as an extraction solvent owing to the decreased matrix interference, instrumental maintenance, and overall increased the quality of analytical data.
Results and discussion
Plasticizers in indoor dust
All phthalate and non-phthalate plasticizers were detected in >80% of the 28 dust samples analyzed in this study (i.e., 12 from childcare facilities, 5 from salons and 11 from homes) from across the USA. However, DIBA and DEHA in indoor dust samples from homes were detected only in 73% and 55%, respectively (Table 2) .
Among non-phthalates, ATBC (GM: 876 mg/g) and DIBA (GM: 5.02 mg/g) were found 3 to 10 times higher in salons than in childcare facilities and homes.
In general, the physiochemical properties such as log K oa and log K oc of contaminants determine their partitioning in indoor dust (Ma et al., 2014) . In this study, concentrations of non-phthalate plasticizer DIBA were found similar to lower phthalate plasticizers, while concentrations of ATBC and DEHA were comparable to higher phthalates DEHP and DOP (Table 2) . Observed similar concentrations of DIBA and lower phthalates as well as the similar concentrations of ATBC and DEHA to higher phthalates may be attributed to their similar Log K oa and log K oc values (Table 1) . The geometric mean concentrations of ATBC were found the highest (1.1e5.0 times higher than DEHP) among all phthalates and nonphthalate plasticizers in childcare facilities, homes, and salons. It is important to note that DEHP was reportedly the most frequently detected phthalate at the highest concentration levels in childcare facilities and homes in the USA (Guo and Kannan, 2011; Rudel et al., 2003; Wilson et al., 2003) , China (Kang et al., 2012) , Japan (Kanazawa et al., 2010) , and Germany (Fromme et al., 2004) . ATBC level in indoor dust from childcare facilities (n ¼ 11) in this study was two times higher than from 63 childcare facilities in Germany (Fromme et al., 2016) . The observed level of contaminants (DIBA, DEHA, and ATBC) in indoor environment can be explained based on their partitioning coefficients (as discussed above); however, several other factors including the plasticizer content in consumer products and moisture content of the indoor environment can affect their concentrations. For example, despite similar log K oc and log K oa values, the DEHA concentration in indoor dust from salons (69.6 ± 36.5 mg/g) was measured 2 and 6 times lower than DOP and DEHP, respectively. It is likely that higher content of DOP and DEHP in our existing consumer products and their prominent usage resulted in observed higher concentrations of DEHP and DOP than DEHA in an indoor environment.
Contamination profile
ATBC or DEHP dominates the contamination profile of plasticizers in indoor dust from salons whereas ATBC or DEHA (nonphthalates) and DEHP or DOP (phthalates) were the major plasticizers in childcare facilities and homes (Fig. 2) . The relative levels of non-phthalate plasticizers such as ATBC and DEHA are as high as DEHP in most of the childcare facilities and homes. The contamination profiles indicate unevenly distributed plasticizer residues in indoor dust in childcare facilities across the USA. However, the major non-phthalates (ATBC and DEHA) and phthalates (DEHP and DOP) account for an average of 48% and 37% of the total loads of measured plasticizers in indoor dust from childcare facilities, respectively. It is important to note that a single indoor dust sample from each childcare facility was analyzed (except two dust samples from the same childcare facility in Waco, TX). The observed similar contamination profile in two childcare rooms (with similar household products, furniture, electronics, building materials, etc) in a childcare facility in Waco, TX suggests similar sources of contamination within a facility.
The reported mean concentrations of phthalate plasticizers in airborne particulates (collected in quartz fiber filters using lowvolume air samplers) from New York were 11.7 mg/g (DMP) to 7570 mg/g (DIBP) with a contamination profile of seven most frequently detected phthalates: DIBP > DEP > DBP > DEHP > BBP > DMP (Tran and Kannan, 2015) . Similarly, Fromme et al., 2013 found the median concentrations of phthalate plasticizers (analyzed in this study) in the order of DEHP > DBP > DIBP > BBP > DEP > DMP in indoor dust while DIBP > DBP > DEHP > DEP > DMP in indoor air from 63 daycare facilities in Germany. A different contamination profile observed in the current study, DEHP > DOP > BBP > DBP > DIBP > DEP > DMP, may suggest settling of airborne particulates is not the only source for accumulation of phthalates in indoor dust. The dominant contamination profile of lower phthalates in the airborne particulates observed by Tran and Kannan (2015) could result from their relatively higher vapor pressure (Table 1) . Overall, the mean concentrations of DEHP and BBP were followed by DOP, DIBP, and DBP among phthalate plasticizers, a similar trend as was previously reported in childcare facilities (Gaspar et al., 2014) and homes (Guo and Kannan, 2011) .
ATBC is a frequently used ingredient in cosmetics (Fromme et al., 2016) and was found at higher (~49% of the total loads of measured plasticizers) and more consistent levels than DEHA followed by DEHP and DOP (35%) in salons. Adipates are commonly used in building materials, vinyl floorings, carpet backing, wooden veneer, coated fabrics, and toys (USCPSC, 2010) . In this study, DEHA and ATBC together accounted for an average of 51% of the total loads of measured plasticizers in indoor dust from homes across the USA followed by DEHP and DOP (39%). The recent prohibition in the application of phthalate plasticizers including DEHP, DBP, BBP, and DOP in children's toys and articles in the USA (CPSIA, 2008) and Europe (EUROPA, 2005) can result in an increased usage of nonphthalate plasticizers and increased emission to the indoor environment. Further compositional analysis of consumer products from the sites of potential exposure of plasticizers including manufacturers, salons, childcare facilities, and homes may identify the source of contamination. However, relatively higher use of plasticizer-rich cosmetic products in salons may explain 3e10 folds higher concentration of ATBC and DIBA than in childcare facilities and homes. Overall, it is important to determine the residual levels of novel non-phthalate plasticizers along with the legacy phthalate plasticizers in an indoor environment, routes of exposure, daily intake, and potential effects on public health.
Estimation of daily intake
The daily intake of phthalate and non-phthalate plasticizers through the dust ingestion and dermal uptake (ng/kg-bw/day) for five different age groups [infants (<1 y), toddlers (1e6 y), children The daily intake of total phthalate and non-phthalate plasticizers through dust ingestion and dermal uptake at home was found in the order of infants > toddlers > children > teenagers > adults (Table 3) , which is a similar order to Guo and Kannan (2011) reported for the daily intake of phthalates in the USA. The daily intake of total phthalates (n ¼ 7) by the children and toddlers through indoor dust in childcare facilities were 1.6 times higher than non-phthalate plasticizers (n ¼ 3) whereas the daily intakes of total non-phthalates by all age groups at home were 1.9 times higher than phthalate plasticizers. Similarly, the daily intake of total phthalates by the children and toddlers through indoor dust at childcare facilities was 2.3 fold higher than at home but the daily intake of total non-phthalates by the same age group at home was 2.3 fold higher than at childcare facilities. Overall, infants and toddlers are more vulnerable to the exposure of phthalate as well as non-phthalate plasticizers through indoor dust than teenagers and adults are. It is important to note that the estimated higher daily intake of total phthalate and non-phthalate plasticizers by infants and toddlers in this study is based only on the dust ingestion and dermal uptake. Higher daily intake per unit body mass in infants and toddlers than adults can be due to higher uptake of dust via children's more frequent hand-mouth activities. However, diet was found to be an overall major source of phthalate exposure based on the estimation of daily intake of phthalates from dietary sources as well as from biomonitoring approach (Guo et al., 2012; Fromme et al., 2013) . Therefore, the total daily intake of phthalate and non-phthalate plasticizers can be different among various age groups if we consider cumulative sources of contamination including food, water, and air.
The daily intake of phthalate and non-phthalate plasticizers through indoor dust by the adults at salons (214 and 285 ng/kg-bw/ day, respectively) was~3 times higher than at home (Table 3) . It indicates that the occupational exposure of an adult such as at salons can be higher than at home as suggested by Hines et al. (2009) The exposure of phthalate and non-phthalate plasticizers through the dust ingestion were found several orders of magnitude higher than dermal uptake.
Conclusion
Select phthalates and non-phthalates plasticizers were investigated in 28 dust samples collected from three different indoor environments across the USA. The mean concentrations of nonphthalate plasticizers ATBC, DEHA, and DIBA were found at 0.51e880 mg/g for the first time in indoor dust samples from childcare facilities, homes, and salons across the USA. The observed concentrations of these replacement non-phthalate plasticizer were as high as DEHP, the most frequently detected phthalate plasticizer at highest concentration worldwide, in most of indoor dust samples. The estimated daily intakes of total phthalates (n ¼ 7) by children and toddlers through indoor dust in childcare facilities were 1.6 times higher than the non-phthalate plasticizers (n ¼ 3), whereas estimated daily intake of total non-phthalates for all age groups at homes were 1.9 times higher than the phthalate plasticizers. This study reveals, for the first time, a more elevated (~3 folds) occupational intake of phthalate and non-phthalate plasticizers through the indoor dust at salons (214 and 285 ng/kg-bw/ day, respectively) than at homes in the USA. Therefore, further studies determining the residual levels of novel non-phthalate plasticizers along with the legacy phthalate plasticizers in an indoor environment, routes of exposure, daily intake, and potential effects on public health would be required to evaluate the overall quality of indoor environment.
